The IR susceptibility of the propulsion system of an aircraft is significantly affected by nozzle shapes and atmospheric conditions. To examine the effects of nozzle shapes and atmospheric conditions, various nozzle shapes were selected by considering a representative low-observable UAV and its propulsion system. Then, using the density-based NavierStokes-Fourier CFD code, the thermal flow field and the distribution of chemical species within a plume, which are essential for the analysis of IR signatures, were calculated. From the analysis of plume IR signatures for non-circular nozzles, it was found that IR signature levels were reduced significantly in the axial direction. However, relatively higher signature levels were observed on the left and right sides and below the nozzle due to increase in the aspect ratio of the nozzle outlet as well as curvature, which led to a wider distribution of the plumes along a downward slope. Further, in order to take into account atmospheric effects, the atmospheric transmissivity according to changes of season and observational distance was analyzed in detail. Finally, the lock-on range was calculated for different nozzle configurations and was compared with the basic circular shape. 
I. Introduction
ECENT advancements in technologies for detecting infrared (IR) signatures [1, 2] have made it easier to detect aircraft and rotorcraft flying at low altitudes. In particular, the development of portable IR seeker missiles equipped with modern IR detectors has emerged as a major factor with significant impact on the survivability of aircraft [3] . Therefore, to improve the survivability of aircraft, which play an essential role in today's military operations, the development of technologies to reduce the susceptibility-related IR signals of aircraft remains critical.
The IR signatures of an aircraft are generated by the engine/nozzle, exhaust gas, heating due to exhaust gas, aerodynamic surface heating, surface emission, anti-icing and de-icing systems, and reflection of the sun and the moon [4, 5] . In particular, the IR signatures emitted from the exhaust gas generated from the propulsion unit of an aircraft and from the high temperature nozzle surfaces are easy targets for heat-seeking detectors. In the case of US military specification [6] , the data of the maximum IR levels for the azimuth, elevation, bandpass In this respect, technologies for reducing IR signature levels from the propulsion unit are regarded as essential for enhancing the survivability of an aircraft. In particular, it is critical to ensure that the propulsion unit of an aircraft is designed to emit low-level IR signals during the initial stage of aircraft development, since it is difficult to modify the design once the development enters a late stage.
Studies for reducing aircraft plume IR signatures have been conducted by many researchers around the world. Thompson and Birk [7] released a test report that examined how an IR suppressor affected the infrared signatures generated by exhaust gas. Decher [8] analyzed the link between the shape of a nozzle outlet and IR signals. Recently, a research team led by Mahulikar [9] [10] [11] [12] [13] [14] [15] [16] This study analyzed the effects of S-shaped nozzle configurations of a UAV and atmospheric conditions on plume IR signatures in order to reduce IR signature levels. First, the thermal flow fields at the nozzle and plume were computed by varying the aspect ratio and curvature of the nozzle outlet. Based on this data, aircraft IR signatures were analyzed to examine the link between nozzle shape changes and IR signatures. To that end, an analysis of engine performance was conducted using a program called AEDsys [17] by referring to the missions and performance requirements of a representative lowobservable UAV, and consequently a circular convergent nozzle meeting the mission requirements was designed. Various nozzle shapes were then designed by varying the aspect ratio and curvature of the nozzle outlet of an aircraft, starting with a basic circular nozzle. Analysis of the thermal flow fields was conducted using a compressible Navier-Stokes-Fourier code CFD-FASTRAN [18] . Based on the results of the analysis of thermal flow fields, the temperatures and components of nozzle plumes were also analyzed, and the IR signatures of aircraft plumes were calculated. Further, using LOWTRAN 7 [19] , a program for analyzing atmospheric transmission, the effects of the change of season and observation distance on plume IR signatures were examined in detail. Finally, the lock-on range, the last element of the survivability analysis, was calculated for different nozzle configurations and was compared with the basic circular shape.
II. Selection of Nozzle Configurations of a UAV

A. Aircraft Performance Analysis and Design of the Basic Circular Nozzle
To analyze the characteristics of thermal flow fields at the rear fuselage of an aircraft, the initial conditions at the nozzle inlet and the design of the nozzle shape should be computed on the basis of a performance analysis of the aircraft engine. The most important factor in an engine performance analysis 5 is determining the requirements of the engine. The requirements of an engine tend to vary depending on the mission of the aircraft. In this study, the AEDsys program was utilized for analyzing the engine performance of a representative subsonic UAV.
The thrust of the aircraft engine can be calculated through a mission analysis by referring to the missions and performance of the UAV. The pressure, temperature, efficiency, and mass flow were then calculated by determining the design values for the major engine components. In this study, we consider a convergent nozzle designed to meet the requirements for cruising at an altitude of 11 km at the subsonic speed of Mach 0.8. As shown in Fig. 1 , the mission of the UAV was assumed to include take-off, acceleration and climb, cruising at subsonic speed, loitering, striking a target, cruising at top speed, and landing. Table 1 shows the geometry and inlet conditions of a circular convergent nozzle that was designed by the analysis of the mission and performance. 
B. Design of S-Shaped Nozzle Configurations
To examine the effects of nozzle configurations on IR signature reduction, 20 nozzle shapes were considered by varying two design variables (the curvature and the aspect ratio) from the reference circular convergent nozzle. Since the characteristics of a nozzle depend on the cross-sectional area of the nozzle, the circular convergent nozzle identified through the analysis of engine performance was divided into nine equal parts from the inlet to the outlet. The areas of the nine parts determined in this manner were 6 then identically applied to various nozzle shapes, leading to nozzles with exactly the same cross-sectional area distributions. The nozzle inlet was created in a circular shape, while the outlet was made to have an oval shape with a surface area identical to that of the circular nozzle. The oval shape was designed by applying an aspect ratio suitable for each case. The cross-sectional area of the middle part of a non-circular nozzle with a specified outlet aspect ratio can be calculated using a hyperbolic tangent function, which can provide a mathematically simple form to generate various shapes found in UAV engine nozzles,
where the x-coordinate represents the axial distance from the inlet to the outlet. Based on this formula, a non-circular nozzle with different outlet aspect ratios can be designed by producing an ellipse having the y-coordinate as its minor axis and the z-coordinate as its major axis. Also, a total of four different curvatures were considered by applying the hyperbolic tangent function to the four points: the upper-most line of the minor axis, and the points 1/4, 1/2, and 3/4 from the upper-most line of the minor axis. Figure   2 shows the various nozzle configurations designed in this manner. 
III. CFD Analysis of Thermal Flow Field
A. Computational Grid and Boundary Condition
The nozzle flows generated by high-pressure and high-temperature gases consist of various complicated flow features and their interaction like shock and expansion waves, wall boundary layers, and shear layers. To cover these flows effectively, the size of the external flow field of the computational domain was set to be 30, 50 times of the diameter of the nozzle inlet in the radial and axial direction, respectively. Figure 3 shows the computational grid, boundary conditions, and the composition ratio of the chemical species used for the calculation.
The flow and thermal conditions determined through the engine performance analysis using AEDsys were applied to the nozzle inlet. The no-slip flow and the adiabatic thermal conditions were then applied to the nozzle wall where an insulating material is usually used. Lastly, the pressure boundary condition maintained with the outside atmospheric pressure at the corresponding altitude was applied to the outlet.
A structured mesh with approximately one million cells was used.
For a detailed analysis of plume IR signatures, it is important to describe accurately the components of chemical species in both the internal exhausted gas and the external air, since chemical species in the 8 atmosphere may have different effects on plume IR signatures. In this study, the chemical species representing the composition of the atmosphere-78% of nitrogen N 2 , 21% of oxygen O 2 , and 1% of carbon dioxide CO 2 -were considered for the external air of the nozzle. In the case of the internal nozzle flow, the gaseous chemical species were assumed to consist of 74% of nitrogen N 2 , 13% of water vapor H 2 O, and 13% of carbon dioxide CO 2 , which are produced through the complete combustion of a jet fuel with a molecular structure of C 11 H 22 . 
B. Validation of Thermal Flow Field Analysis
To conduct the thermal flow field analysis for the plume and the inside of the nozzle, a compressible Navier-Stokes-Fourier code CFD-FASTRAN was used [20] . This enabled the analysis of high subsonic, supersonic, and transonic flow domains, which entail shock waves and jet boundaries. In the code, the density-based and cell-based finite volume method, implicit time stepping method were used. The − ε turbulence model [21] , which is known suitable for jet flows, was used. In addition, the thermal flow field was assumed to be not far from thermal equilibrium, and the Fick principle was used for the mass diffusion of the chemical species.
By following the verification and validation practice described by Oberkamp and Roy [22] , a validation study was conducted to check the accuracy of the present computational method. The thermal 9 flow field of a convergent nozzle, as presented in a paper by Thornock et al. [23] , was first considered.
For validation, the location of sonic lines for the case of a nozzle pressure ratio (NPR) defined (between the nozzle inlet and external atmosphere) as 2.5, and three nozzle convergence angles of 15°, 25°, and 40°, were examined. In Fig. 4 , it was found that the sonic lines gradually move rearward as the nozzle convergence angle increases, and the (approximate) theoretical values are qualitatively consistent with the CFD results. On the other hand, the CFD results were shown to be in better agreement with the experimental results than the (approximate) theoretical predictions; in particular, for the location of sonic lines at higher nozzle angles. For additional validation of the present CFD method based on a commercial code CFD-FASTRAN, experimental data regarding the Mach number distribution near the wall of a nozzle operating on the ground, which were reported in the AIAA Propulsion Aerodynamics Workshop [24] , were considered.
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The Mach number distributions near the nozzle wall were compared for the NPR 2.0 case with three convergence angles of 15°, 25°, 40°, and for the angle 40° case with an NPR of 2.0, 4.0, and 7.0. From
Figs. 5 and 6, it can be seen that the CFD results are in close agreement with the experiment data of the Mach number. Also, it was found that the accuracy of the computational analysis improves as the values of the convergence angle and the NPR increase. Based on this validation study, the NPR value of 4.6 was determined to be high enough for the present S-shaped nozzle configurations of a UAV, and it was expected that accurate computational results of thermal flow fields, in particular, the Mach number, a quantity closely related to the temperature, would be achieved.
IV. IR Signature Analysis
A. Calculation of Spectral Intensity Based on the Narrow Band Model
When analyzing the susceptibility characteristics associated with aircraft IR signatures, the characteristics of IR signals generated from the rear fuselage and plumes are considered important factors.
In this study, the narrow band model considered by Grosshandler [25] and Mahulikar et al. [11] was applied to calculate plume IR signatures. This model enables the calculation of the average radiation properties in a section of IR wavelength, and is considered more efficient compared to the line-by-line band model, which requires longer calculation time.
In this model, the key concept is based on a statistical chart for the molecular model and absorption coefficients with respect to the elements in a straight line based on the radiative heat transfer equation, where absorption and release of radiative heat occur without scattering. Based on the results of a thermal flow field analysis, such as the temperature, partial pressure of the atmospheric components at a particular point of the plume area, the spectral intensity can be calculated through the following equation
12
The average spectral intensity incident on a differential volume from all directions can then be calculated by integrating the spectral intensity over solid angle ω:
Also, two different spectrally averaged absorption coefficients (the incident-mean and the Planck mean) can be defined:
whose denominators are the average incident intensity (integral of the average spectral intensity over wavelength) and the blackbody intensity, respectively. The radiative heat transfer was calculated using the data between two points in the computational domain. That is, the calculation of spectral intensity during the plume IR signature analysis was conducted by using the temperature, pressure, and partial pressure values at each point defined by dividing a straight line connecting any two points. 
B. Calculation of Atmospheric Transmission Using LOWTRAN 7
To predict aircraft IR signatures detected by an infrared detector, the transmission level of IR signatures initially generated from an aircraft to the infrared detector should be calculated. To this end, the LOWTRAN 7 model was used to calculate atmospheric transmissions for different seasons and 13 observational distances at a particular altitude. More specifically, the calculation was made based on the seasonal conditions of summer and winter, and the representative atmospheric model, and observational distances of 1 km, 5 km, and 10 km. The altitude of the observed object was set to be 11 km, which is close to the actual flying altitude of an aircraft, and the position of the observer was assumed to be directly behind the nozzle, as illustrated in Fig. 7 . The calculated value of atmospheric transmission was then applied to the analysis of plume IR signatures based on the narrow band model.
V. Results
A. Results of Thermal Flow Field According to Nozzle Shape Variations
The computational results of the nozzle flow of an aircraft cruising at an altitude of 11 km and speed of Mach 0.8 showed that, compared to the circular nozzle, the average temperature at the outlet of various nozzle shapes decreases as much as 6.1% (30K), and the highest temperature near the nozzle wall drops up to 6.0% (33K). Also, in order to take into account the effects of penalties caused by the nozzle shape variations, the thrust of the nozzle was calculated based on the pressure, velocity, and mass flow at the nozzle outlet of computational domains. The thrust level of various nozzle shapes was found to decrease as much as 10.7% compared to the circular nozzle, and the degree of thrust reduction became larger as the aspect ratio or curvature increased. This is because the pressure at the nozzle outlet is changed due to nozzle shape variations. Table 2 shows the average and highest temperatures at the nozzle outlet and wall for various nozzle configurations. Also, as shown in Fig. 9 , the substantial shortening of core plumes remained the same for enhanced curvature cases. In addition, the plumes tended to form downward compared to the circular nozzle when the large curvature was applied. This is because the nozzle outlet is located considerably lower than the nozzle inlet when a large curvature is applied, leading to a slope between the nozzle inlet and outlet.
Along this slope, the flow from the nozzle outlet is formed downward, which will consequently change the plume IR signatures and the nozzle thrust. Therefore, it can be summarized that, although both of aspect ratio and curvature contributed to the reduction of the temperature in the plumes, the aspect ratio played more dominant role in the shortening of core plumes.
B. Results of Plume IR Signature
16 Figure 10 shows the effects of nozzle shape variations-the aspect ratio and curvature-on plume IR signatures. In this calculation, the location of an observer was assumed to be directly behind the nozzle (20m distance). The plume IR signatures were found to be reduced up to 76% in the 4-4.5μm band in comparison with the circular nozzle. Also, in all wavelengths including 4-4.5μm for CO 2 and 6-7μm for H 2 O, IR signatures were reduced in proportion to the nozzle curvature and aspect ratio. This is in line with the results of the thermal flow field analysis, and is directly related to the outcome that the plumes produced by nozzles with higher aspect ratio and larger curvature have lower temperatures on average.
Also, compared to those of the circular nozzle, these plumes have shorter lengths and tend to be more widely distributed. 
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To examine the effects of the aspect ratio and curvature of the nozzle with respect to the observation location, as a sample case, the IR signature in the 5-8μm band was calculated by changing the elevation and azimuth angles by 10°, which is similar to the practice specified in MIL-E-5007D [6] . As shown in
Figs. 11 and 12, the IR signatures were reduced, primarily due to the enhanced mixing with cold freestream air, in proportion to the nozzle curvature and aspect ratio in most cases. Further, the maximum IR signatures were found to be higher in the direct rear and at around 10° to the downward direction. This is because the plumes formed downward with the nozzle with large curvatures, and therefore hightemperature parts inside the plumes were captured more. In particular, in the case of a nozzle with an aspect ratio of 6.0 and a large curvature, the maximum IR signatures were found at around 10° to the downward direction, not in the direct rear.
When IR signatures were calculated at different azimuth angles, as shown in Fig. 12 , IR signatures were observed to be higher on the left and right sides rather than on the direct rear in most cases. This is because the plumes were distributed widely to the left and right as the aspect ratio increased, and therefore high-temperature parts inside the plumes are captured more on the left and right sides of the nozzle.
In particular, IR signatures for the nozzle with an outlet aspect ratio of 6.0 and a small curvature were more noticeable compared to other oval-shaped nozzles, regardless of the location of an observer. The reason is that the plumes of this particular nozzle have a higher average temperature and are formed along a smaller downward slope, and consequently high-temperature parts of plumes are caught more at the wide range of azimuth angles. On the other hand, the IR signatures of the nozzle with an outlet aspect ratio of 2.0 were enhanced at the center, rather than on the right or left side, despite the non-circular shape of the nozzle outlet. A plausible explanation is that the plumes were not formed widely enough from side to side in that case.
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C. Results with Consideration of Atmospheric Effects
The atmospheric transmissivity was calculated using LOWTRAN 7 for different seasons and observational distances. From Figs. 13 and 14, it can be noted that the atmospheric transmissivity in the 5.5-7.5μm band is lower in summer than in winter. This phenomenon is due to the fact that the higher concentration of H 2 O in summer absorbs the signature more than in winter in the 5.5-7.5μm band. Also, as the observational distance becomes longer, the atmospheric transmissivity is lower, since the IR signatures initially emitted from an aircraft need to pass through more atmospheric components, and therefore more absorption of signatures takes place. Moreover, to examine the effect of the location of the detector, a sample case where the detector was located at a lower altitude was considered. In Fig. 15 , it can be seen that the atmospheric transmissivity is lower when the detector is located 10 km below the nozzle, in comparison with the case of a detector positioned at the same altitude. This is because IR signatures from the nozzle pass through a high density of CO 2 and H 2 O in the atmosphere with on their way to the detector, during which more IR signatures are absorbed.
Meanwhile, in all cases, lower atmospheric transmissivity was observed in the wavelengths of 1.4μm, 1.9μm, 2.7-3.2μm, 4.3-4.5μm, 5.5-7.5μm, and 14-16μm. The polyatomic gaseous components in the atmosphere are responsible for this phenomena; H 2 O in the wavelengths of 1.4μm, 1.9μm, and 5.5-7.5μm, and CO 2 in the wavelengths of 2.7-3.2μm, 4.3-4.5μm, and 14-16μm. Moreover, IR signatures were drastically reduced when the detector was located lower, as shown in Fig. 18 . In this situation, IR signatures had to pass through the high-density atmosphere as they headed toward the detector located at lower altitude, and therefore were absorbed more during the path. It was 22 also found that, in the wavelengths of 5.5-7.5μm, IR signatures almost vanished, since most of those IR signatures were absorbed by the high concentration of H 2 O in the atmosphere. 
D. Effects of Different Nozzle Configurations on the Lock-on Range
An aircraft with jet engine has a high radiant intensity in order of 100-1000 W/sr, rendering very vulnerable to IR guided missiles. The lock-on range is the measure of aircraft susceptibility to IR guided missiles and can be determined primarily by the IR emissions of target aircraft and the detection capability of IR sensor [13, 26] . When atmospheric transmissivity is taken into account, the lock-on range R LO may be expressed as is the signal-to-noise ratio, and NEI is the noise equivalent irradiance.
The lock-on range can then be used to quantify the aircraft susceptibility and the effects of the IR reduction schemes developed for low-observable aircraft design on the aircraft susceptibility. In addition, 24 when, for the sake of simplicity, the aircraft IR signal is assumed to emit isotropically in a plane with the same altitude, the lock-on envelope, a circle in the horizontal plane having radius R LO , can be defined. In this study, in order to investigate the effects of deformed nozzles with high aspect ratio and large curvature on the lock-on range (equivalently, the lock-on envelope), equation (5) was solved for the case of the plume IR intensity in 3-5 μm band for different nozzle shapes. Since the atmospheric transmission efficiency in equation (5) varies depending on the distance between the aircraft and the seeker, equation (5) was calculated through the iterative method. In the calculation, the signal and noise ratio (S/N) and NEI were assumed 10.0 and 2.5×10 -8 W/m 2 /Sr, respectively, the typical IR sensor characteristics [27] . As expected, the lock-on range associated with the plume IR was found reduced considerably with increasing curvature and aspect ratio in nozzle shape, as shown in Fig. 19 . In particular, while the reduction was small in the case of nozzle with a small aspect ratio (for example, 2.0), it was significant in the case of nozzle with high aspect ratio 10.0. In summary, it was shown that, in comparison with the 25 original circular nozzle, the substantial reduction in the lock-on range (about 55%) is possible for deformed nozzles with the high aspect ratios.
VI. Conclusions
This study analyzed the effects of nozzle shapes and atmospheric conditions on plume IR signatures with the aim of developing a better nozzle design for aircraft IR reduction. Using an engine performance analysis program, a basic circular convergent nozzle was first selected. Various S-shaped nozzle configurations were then designed by varying the aspect ratio and the curvature of the circular convergent nozzle. A thermal flow field analysis was also conducted for the nozzles designed in this manner.
From the CFD results, compared to the circular nozzle, the average temperature at the outlet and wall of deformed non-circular nozzle shapes was found to decrease as much as 6%. Also, as the curvature and aspect ratio of the nozzle increased, the thrust was reduced up to 10.7%. This study also showed that plumes from the geometrically deformed nozzles were generally shorter and distributed more widely compared to those of the circular nozzle. Further, although both of aspect ratio and curvature contributed to the reduction of the average and maximum temperature in the plumes, the aspect ratio turned out to play a more critical role in the shortening and widening of high-temperature core plumes. For example, in the case of a high aspect ratio, high-temperature gases exhausted from the nozzle were distributed widely and were then more intensively mixed with the cold air of the external atmosphere. This led to considerable shortening of the length of core plumes, as much as half of that of the basic circular nozzle.
In the next step, the IR signatures of the nozzle were calculated based on thermal flow field data obtained through CFD analysis. The results showed that, while signature levels were reduced at the direct rear of the nozzle, higher IR signatures were observed on the left and rights sides of the nozzle due to a wider distribution of plumes, caused by increased aspect ratios. Also, as the plumes formed in a downward direction, higher IR signatures were observed in the downward direction.
Further, the atmospheric transmission according to change of seasons and observational distances was analyzed, and IR signatures were recalculated by taking into account atmospheric effects. It was found 26 that IR signatures decreased significantly in the CO 2 band when the season was summer and the observational distance was shorter. That is, in summer, when the atmosphere contains more H 2 O, IR signatures were more reduced relative to those in winter. Also, as the observational distance increased, IR signatures were found to be reduced substantially, since IR signatures from the nozzle had to pass through a longer atmospheric layer. In all cases, red spikes, which are caused by the absorption of signatures by CO 2 in the 4.3μm band, were observed, and in particular, as the observational distance became shorter, the maximum value of the red spikes increased due to reduced impacts of CO 2 . In this manner, qualitative and quantitative data regarding plume IR signatures according to nozzle shapes and atmospheric conditions were obtained. Lastly, the lock-on range, the measure of aircraft susceptibility to IR guided missiles, was calculated for different nozzle configurations and was compared with the basic circular shape.
The present study was limited to the analysis of gaseous plume IR signatures due to their dominant role in aircraft IR study. However, we believe that continuous IR signatures associated with the hot solid surfaces of the nozzle will remain crucially important, in particular, in the longwave (8-16μm) band.
Further, as the final outcome of IR analysis, the problem of calculating the lethal envelopes taking into account the missile capabilities like the relative velocity between aircraft and missile, and missile burn out time should be considered. Extension of the present study to these topics will be reported in due course.
